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Abstract 
Johnson, D.A., Schneider, D.A., Nigrini, C.A., Canlet, J.P. and Kent, D.V., 1989. Pliocene-Pleistocene radiolarien 
events and magnetostratigraphic calibrations for the tropical Indian Ocean. Micropaleontol., 14: 33-64. 
A composite of four piston cores from the Central Indian Basin and adjacent Ninetyeast Ridge has yielded a con- 
tinuous magnetobiostratigraphic reference section for most of the Pliocene and the Pleistocene (0.0-4.5 Ma). We 
identified thirty-three radiolarian events (first- or last-occurrences), and precisely correlated each event to the Neo- 
gene geomagnetic polarity time scale. Thirteen of these events are based on revised taxonomic studies of the genera 
Anthocyrtidium and Pterocorys. Some events show significant departures from synchroneity: five of the radiolarian 
first-appearances and seven of the last-appearances are time-transgressive by 0.4 m.y. or greater. We here propose a 
revised, eleven-fold radiolarian zonation for the Pliocene-Pleistocene, using zonal boundaries defined by events which 
are easily recognized and are demonstrably synchronous in the tropical Indo-Paciflc. The sequence of faunal and floral 
events reported in this paper will allow high-resolution biostratigraphic correlations within the tropical Indian Ocean; 
however, the same sequence of events is not necessarily applicable to other tropical or extratropical regions. 
Introduction 
The equatorial Pacific has been a classic site 
for identifying diagnostic biostratigraphic ho- 
rizons, establishing biozonations for calcareous 
and siliceous assemblages and constructing a 
precise calibration of faunal and floral events 
1Contribution No. 6687 of Woods Hole Oceanographic Inst. 
2Contribution No. 4434 of Lamont-Doherty Geological Obs. 
to the globally-synchronous sequence of geo- 
magnetic polarity reversals (e.g. Hays et al., 
1969; Gartner, 1973; Johnson and Knoll, 1975; 
Saito et al., 1975; Burckle, 1977; Theyer et al., 
1978; Takayanagi et al., 1979; Barron et al., 
1985). Utilization of multiple criteria for age 
control within a given stratigraphic interval 
may allow quite high precision (0.1 to 0.3 m.y. ) 
for both local and regional correlations (e.g. 
Berggren et al., 1980, 1985a, 1985b). 
A common presumption in biostratigraphic 
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studies of marine sedimentary sequences has 
been that, whereas lithofacies and acoustic re- 
flectors are commonly time-transgressive (e.g. 
Haq et al., 1987), by contrast biohorizons and 
biozonations are essentially synchronous and 
therefore can be used for regional or even global 
correlations. Indeed for many faunal and floral 
events, the presumption ofglobal synchroneity 
appears to be valid (e.g. Hays and Shackleton, 
1976; Thierstein et al., 1977; Morley and 
Shackleton, 1978; Haq et al., 1980; Backman 
and Shackleton, 1983). Nevertheless, with in- 
creasing refinements in the accuracy and pre- 
cision of magnetic polarity stratigraphy (Berg- 
gren et al., 1985b), it has now become possible 
to re-examine the degree to which the tradi- 
tional assumption of biostratigraphic syn- 
chroneity is valid, and over what geographic re- 
gions one may expect o encounter significant 
departures from synchroneity (i.e. beyond the 
analytical and interpolative uncertainties as- 
sociated with paleomagnetic age correlations). 
In recent years considerable vidence has 
emerged that not all biostratigraphic compo- 
nents of "global" time scales can be presumed 
to be synchronous. Significant departures from 
synchroneity have been noted in cores span- 
ning latitudinal climate gradients in the east- 
ern Pacific (Keller and Barton, 1981) and in 
the northeastern Atlantic (e.g. Baldauf et al., 
1986). Dowsett (1987) has recently applied 
graphic orrelation techniques to assess the ex- 
tent of latitudinal diachroneity for planktonic 
microfossils on a more global scale. In addition 
to latitudinal effects, there is clear evidence of 
non-synchroneity within a given climatic re- 
gime, such as the tropical Indian/Pacific 
(Johnson and Nigrini, 1985). These departures 
from synchroneity present significant compli- 
cations to the task of precise stratigraphic cor- 
relation. Nevertheless, at the same time these 
nonsynchronous events may be quite useful 
guides to our understanding of patterns of flo- 
ral and faunal migration and/or evolution. 
In view of the growing evidence for diachron- 
ous biostratigraphic "datum levels", a primary 
goal of high-resolution stratigraphic studies 
should be to re-assess each of the biostrati- 
graphic events which comprise global time 
scales, and to establish which of the marker ho- 
rizons are applicable and synchronous over a 
wide region, and which are demonstrably non- 
synchronous. Such a "disentangling" proce- 
dure may reduce substantially the number of 
reliable marker horizons remaining which are 
demonstrably synchronous. Nevertheless, the 
consequences of this process will be important 
in two respects: {1) the exclusion of 
demonstrably non-synchronous events will al- 
low greater confidence and precision in biostra- 
tigraphic correlation; and {2) the discarded, 
non-synchronous events will be crucial in 
pointing the way to understanding patterns of 
plankton migration and species evolution. 
In this paper our objective is to propose a 
high-resolution magneto-biostratigraphic ref- 
erence section for the tropical Indian Ocean for 
the Pliocene-Pleistocene {0.0-4.5 Ma), based 
on radiolarian assemblages. We anticipate that 
this model will serve as a reference for ODP In- 
dian Ocean drilling in 1987-1989. We further 
expect that our suggested correlations can 
eventually be expanded so as to include the cal- 
careous microfossil events and zonations. 
Our work in this paper extends the previous 
efforts of Opdyke and Glass (1969) and Burck- 
le and Opdyke (1977). Here we present de- 
tailed faunal studies of four paleomagnetically- 
dated tropical Indian Ocean cores in which we 
have calibrated 33 radiolarian events, some of 
which have not been previously described, to the 
isotopic and paleomagnetic time scales. Our 
studies lead us to propose arevision in the trop- 
ical radiolarian zonation for the Pliocene/ 
Pleistocene. We suggest discarding the Spon- 
gaster lineage as a criterion for defining zonal 
boundaries due to its demonstrable non-syn- 
chroneity and the scarcity of specimens of this 
genus in Indian Ocean cores. We propose an al- 
ternative zonation based upon several Pliocene 
radiolarian events which are more sharply de- 
fined in the Indian Ocean. 
Material studied 
We examined approximately 150 piston co- 
res from the tropical Indian Ocean (10 degrees 
North to 16 degrees South) which were longer 
than 8 meters, and prepared smear slides and 
radiolarian slides from 3 to 5 samples in each 
core to assess whether pre-Pleistocene sedi- 
ment was present. Most of the cores were from 
the collection at Lamont-Doherty Geological 
Observatory; in addition we sampled several 
large-diameter piston cores from the Marion 
Dufresne collection at the Museum National 
d'Histoire Naturelle in Paris (Caulet et al., 
1984). Within this suite of cores we identified 
thirty cores of pre-Pleistocene age which con- 
tained sufficient siliceous microfossils to allow 
biostratigraphic confirmation of magnetic po- 
larity determinations. Most of these pre-Pleis- 
tocene cores are clustered in the Central Indian 
Basin, at a depth of > 5000 meters, between 04 ° 
South and 15 ° South (Fig. 1; Table I). Radi- 
olaria and diatoms are common and well pre- 
served in this region; calcareous microfossils are 
absent, except on the adjacent Ninetyeast Ridge 
and Chagos-Maldive Ridge. We selected four of 
these pre-Pleistocene cores as a stratotype 
(Table I, part A) and carried out detailed bio- 
stratigraphic and paleomagnetic analyses of 
these cores in order to construct a composite 
type-section for the Pliocene-Pleistocene. 
We first sought a siliceous core which had re- 
liable 0-18 age control in the late Pleistocene. 
Core VM34-53, from the Ninetyeast Ridge, ap- 
peared to be the best prospect (Peterson and 
Prell, 1985). Initial interpretation of the 0-18 
profile by Peterson and Prell suggested a basal 
age of 0.81 Ma, or uppermost Matuyama. In this 
paper we have modified Peterson and Prell's 
chronology below isotope stage 15 in core 
VM34-53, based on our determination that the 
entire core is of Brunhes age. 
A second core selected for the composite stra- 
totype is RC14-22 (Burckle and Opdyke, 1977, 
fig. 3), extending to the uppermost Pliocene, 2.4 
Ma. The third core is MD81-369, extending to 
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Fig. 1. General bathymetry of Central Indian Basin and 
part of the Ninetyeast Ridge, after Sclater and Fisher 
(1974). Triangles mark the locations of the four cores in- 
cluded in this study. Exact core locations are listed in Table 
I. 
the top of the Gilbert "C" event (Sidufjall) at 
4.41 Ma. The fourth core selected, VM29-40, 
was previously studied by Burckle and Opdyke 
(1977, fig. 3). We examined samples in this core 
from the lower Matuyama, Gauss, and upper 
Gilbert interval, extending from about 2.2 to 4.0 
Ma. The geomagnetic polarity time scale of 
Berggren et al. (1985b) is used. 
With this composite set of overlapping cores, 
we were able to document most of the radiolar- 
ian events in at least two cores. The resulting 
composite stratotype section contains a se- 
quence of thirty-three radiolarian datum levels, 
which can be compared with the sequence pre- 
viously established for the tropical Pacific 
(Theyer et al., 1978; Riedel and Sanfilippo, 
1978; Sanfilippo et al., 1985). In this compari- 
son, we have been able to establish that the ev- 
olutionary transitions in the Spongaster ber- 
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TABLE  I 
Locations of Indian Ocean cores examined in this study. 
Listing of all cores examined in this study. The four cores in Part  
A comprise our magneto-biostratigraphic type section. Part B lists 
additional pre-Pleistocene cores from the Central Indian Basin re- 
gion with well-preserved biogenic silica. Some of these were se- 
cluded from further study due to a noisy paleomagnetic record; in- 
termittent intervals which are barren of silica; evidence for episodes 
of turbidite redeposition; evidence for coring disturbance; or desic- 
cation and shrinkage of the core during storage. The large number 
of pre-Pleistocene cores from the region demonstrates the relative 
continuity of pre-Pleistocene strata over much of the Central In- 
dian Basin. 
A. Cores chosen for magneto-biostratigraphic type-section 
Core number Location ° Length Depth Age range 
(m)  (m.y.) 
VM34-53 06 ° 07'S 550 cm 3812 0.0-0.65 
89 ° 35'E 
RC14-22 11 ° 28'S 1698 cm 5276 0.0-2.4 
75 o 09 'E  
MD81-369 10 ° 03'S 1772 cm 5293 0.0-4.4 
79 ° 48 'E  
VM29-40 10 ° 29'S 1788 cm 5325 2.5-4.0 
78 ° 03 'E  
B. Additional pre-Pleistocene siliceous cores examined 
Corenumber Latitude (S) Longitude (E) Basalage 1 
RC12-327 01°44 ' 57°50 ' Late Pliocene 2
RC12-328 03057 ' 60°36 ' Late Pliocene 
RC14-23 09 ° 11' 76045 ' Middle Pliocene 4
RC 14-24 06 ° 38' 79 ° 26' Late Pliocene 4
RC14-25 06°44 ' 80°49 ' Early Pliocene 
RC14-26 09°08 ' 86°01 ' Late Miocene 
RC14-32 07°26 ' 87042 ' Late Pliocene 
VM19-169 10 ° 13' 81 ° 37' Late Miocene 3
VM19-170 07°54 ' 81°25 ' Late Miocene (?) 3 
VM19-171 07°04 ' 80°46 ' Early Pliocene 3
VM29-34 05 ° 21' 74 ° 24' Early Pliocene 4
VM29-36 05023 ' 76°37 ' Middle Pliocene 
VM29-39 07042 , 77023 ' Middle Pliocene 4
VM29-42 13 o 45' 77 ° 39' Early Pliocene 
VM29-43 12°20 ' 75°05 ' Early Pliocene 4
VM29-44 10 ° 15' 72 ° 23' Late Pliocene 
VM33-54 11 o 01' 84 o 41' Late Pliocene 4
VM33-55 04°44 ' 81 °42' Early Pliocene 4
VM34-66 04 ° 27' 60 ° 42' Late Pliocene 
MD77-157 04°48 ' 90002 ' Middle Miocene 5
MD81-364 12°33 ' 83°36 ' Late Pliocene 
MD81-367 06059 ' 80006 ' Early Pliocene 
MD81-368 09 ° 58' 79 ° 26' Late Pliocene 
MD81-371 12°02 ' 79o04 ' Late Pliocene 
MD81-374 12 ° 48' 77 ° 43' Middle Pliocene 
MD81-375 12047 ' 77046 ' Early Pliocene 4
~Age determinations based on examination of 3 or more smear slides 
and radiolarian samples per core. 
2Magnetics in Opdyke, 1972, fig. 20. 
3Magnetics in Burckle and Opdyke, 1977, fig. 9. 
4paleomagnetic results in Schneider and Kent  (1989). 
~Biostratigraphy in Caulet, 1978, pp. 579-580. No paleomagnetics 
available. 
minghami to S. tetras lineage are notably 
diachronous. As a result we are proposing a new 
set of criteria for zonal boundaries in the Pli- 
ocene, based on our assessment of the degree of 
non-synchroneity of each datum level. 
Phys iography  and sediment l i thology 
The Central Indian Basin is underlain by 
oceanic crust of early Tertiary to late Creta- 
ceous age, progressing in age northward from 
ca. 50 Ma at 20 ° South to > 75 Ma at the equa- 
tor (Sclater and Fisher, 1974, fig. 2). Physio- 
graphically the basin is bounded on the east by 
the aseismic Ninetyeast Ridge, on the west by 
the volcanic atoll lineament of the Chagos- 
Maldive-Laccadive system, and on the south by 
the Central Indian Ridge (Fig. 1 ). Even though 
the basin itself is aseismic, significant intra- 
plate compressional deformation of the oceanic 
crust and overlying sediments has been ob- 
served (Weissel et al., 1980). 
Most of the basin floor lies below a depth of 
4500 meters (Fig. 1), which approximates the 
carbonate compensation depth in this region 
(Kolla et al., 1976; Peterson and Prell, 1985a). 
Consequently, sedimentation on the basin floor 
is comprised principally of terrigenous, hemi- 
pelagic and biogenic siliceous components, with 
interspersed intervals of volcanogenic material 
(Davies and Kidd, 1977). The distal Ganges Fan 
enters the Central Indian Basin from the 
northeast, and thus fine-grained terrigenous 
components are of increasing abundance to- 
ward the northern margins of the Basin. By and 
large, however, the sediments on the Basin floor 
are relatively devoid of coarse-grained calcar- 
eous and terrigenous components, thereby al- 
lowing long piston cores to be readily obtained 
throughout much of the basin floor. 
It is clear that biogenic silica sedimentation 
in the Central Indian Basin varies substan- 
tially in space and in time. Maps of biogenic 
silica production {Lisitzin, 1967, 1972) and of 
radiolarian species diversity and abundance 
(Petrushevskaya, 1973; Johnson and Nigrini, 
1980, 1982) indicate that modern siliceous 
sedimentation is confined to the northern part 
of the Basin, north of approximately 12degrees 
South. Preliminary down-core studies (e.g. 
Caulet, 1977; 1978) indicate that temporal 
variations in silica flux during the late Neogene 
may be significant at a given locality. Such vari- 
ations may indicate changes in the intensity of 
the equatorial current system in response to 
variations in the strength of the monsoonal cir- 
culation, and variations in the position of the 
hydrochemical "front" (Wyrtki, 1973) in re- 
sponse to fluctuations in the westward 
throughflow of low-latitude Pacific water (Piola 
and Gordon, 1984). 
Paleomagnetic stratigraphy 
Previous investigations of the paleo- 
magnetism ofdeep-sea sediment cores from the 
tropical Indian Ocean were undertaken by Op- 
dyke and Glass (1969), Opdyke (1972) and 
Burckle and Opdyke (1977). For the most part, 
the tropical Indian Ocean cores examined ur- 
ing these earlier studies were found to contain 
Pleistocene age sediments. Those cores which 
included substantial pre-Pleistocene intervals 
were often marred by the presence of gaps in 
the sedimentary record. Two cores (RC14-22 
and VM29-40) studied by Burckle and Opdyke 
(1977) do, however, provide good pre-Pleisto- 
cene records and are used along with two newly 
studied cores (VM34-53 and MD81-369) to 
construct the composite "type-section". A
composite of the four cores produces an essen- 
tially complete paleomagnetic record from the 
tropical Indian Ocean, spanning most of the 
Plio-Pleistocene {0.0-4.5 Ma). 
Methods 
The experimental procedure used here to de- 
termine the magnetostratigraphy of the two 
newly-studied cores follows that established 
during many prior studies (e.g. Opdyke, 1972 ). 
We took samples of 6 cc at intervals of 5 to 20 
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cm from what appeared to be the least physi- 
cally-disturbed intervals of the cores. A repre- 
sentative subset of these samples was subjected 
to progressive alternating field (AF) demag- 
netization. From the demagnetization results we 
then determined an optimum AF level (one 
above which the magnetization showed only one 
component) o use in the blanket reatment of 
the remaining samples from the core. 
Because no orienting device was used when 
these piston cores were originally taken, abso- 
lute magnetic declination could not be ascer- 
tained. However, the presence of 180 ° shifts in 
declination (within physically continuous sec- 
tions of core) can help identify reversals which 
would be less clearly defined if only inclination 
measurements were utilized. Some caution must 
be exercised in this approach because apparent 
declination shifts may occur at the breaks be- 
tween core sections. Such spurious hifts result 
when opposite halves of the split core are con- 
fused during handling. Attempts were made to 
avoid such uncertainty for the cores in the La- 
mont-Doherty collection; however, no proce- 
dure was used to maintain the relative orien- 




This core shows inclinations of -10  ° to 
-20  ° throughout i s length. Two points near 
the base of the core, however, show aberrant 
declination values (Fig. 2). As the inclination 
of these points is consistent with the rest of the 
core, we presume that the anomalous declina- 
tions are caused by twisting of the core during 
its handling. The negative inclinations found 
throughout the core (site latitude 6 ° South) 
would indicate that all of the core is of normal 
polarity. Previous biostratigraphic and oxygen 
isotopic analyses of core VM34-53 (Peterson 
and Prell, 1985b, fig. 3) have shown this core to 
be Late Pleistocene, with an inferred basal age 
of 0.81 Ma (Peterson and Prell, 1985b, table 3 ). 
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Our paleomagnetic observations, however, sug- 
gest that these sediments were deposited en- 
tirely within the Brunhes chron, and thus we 
require some modification to Peterson and 
Prell's (1985b, table 3 ) isotope-based age model 
below isotope stage 15. We assign the 0-18 min- 
imum at 435 cm to stage 15; the 0-18 maximum 
at 465 cm to stage 16; the 0-18 minimum at 515 
cm to stage 17; and the 0-18 maximum at 535 
cm to stage 18. Our revised chronology for 
VM34-53 is shown in Fig. 2, and is reflected in 
the estimated ages of radiolarian samples from 
this core (Table II). 
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Fig. 2. Paleomagnetic inclination, declination and mag- 
netic polarity logs for Core VM34-53, together with the ox- 
ygen isotopic analyses and stage designations of Peterson 
and Prell (1985b). The identification of isotope stages be- 
low stage 15 has been revised from that of Petereon and 
Prell, so as to be consistent with the paleomawnetic obser- 
vations reported in this paper. 
Core RC14-22 
This core was previously examined by Burc- 
kle and Opdyke (1977, fig. 3 ), and was found to 
contain sediments of Brunhes and Matuyama 
age down to approximately 2.4 Ma. Although 
the overall sedimentation rate is high (7 m/ 
m.y. ) and the quality of the paleomagnetic data 
generally is good, the inclination record ap- 
pears incomplete, because the Jaramillo sub- 
chronozone is poorly represented (Fig. 4). The 
Jaramillo is, however, well developed in the 
declination record, despite the presence of sev- 
eral spurious declination shifts. For example, 
the 180-degree shifts at 1125 and 1160 cm (Fig. 
4) do not indicate polarity reversals. Rather, 
they occur at physical breaks bounding an in- 
terval which appears to have been accidentally 
misoriented (the working half of the core being 
stored in the archive position, and vice versa). 
The identification of the Jaramillo sub- 
chronozone (0.91-0.98 Ma) between 796 and 
828 cm is consistent with the presence of the 
Anthocyrtidium angulare LAD just below it at 
870 cm (Table III). This distinct faunal event 
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Fig. 3. Age-depth plot for core VM34-53, using the Stage 5/ 
6 boundary and the P. lacunosa datum of Peterson and Prell 
(1985b). Using our revised interpretation f isotope stages 
below stage 15, the basal age of the core (at 550 cm) is 
approximately 0.68 Ma. Isotope chronology ofstages 15 
through 18 follows Morley and Hays (1981, Table 4). 
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Fig. 4. Inclination, declination, and magnetic polarity logs 
for Core RC14-22, after 15 mT demagnetization (based on 
paleomagnetic data of Burckle and Opdyke, 1977). Arrows 
on declination log indicate position of physical breaks where 
misorientation may cause spurious declination shifts. 
is of nominal age 1.0 Ma (Johnson and Knoll, 
1975; Johnson and Nigrini, 1985). Further- 
more, Burckle and Opdyke's (1977) original 
identification of the Olduvai subchronozone 
(1.66-1.88 Ma) between 1265 and 1385 cm ap- 
pears well supported by the occurrence of the 
Pterocanium prismatium LAD at 1190 cm (Ta- 
ble III). This distinct faunal marker near the 
Pliocene-Pleistocene boundary is of nominal 
age 1.55-1.6 Ma (Hays et al., 1969; Johnson and 
Knoll, 1975; Johnson and Nigrini, 1985 ). 
Core MD81-369 
This core (Fig. 5) presents a somewhat com- 
plicated magnetostratigraphy. Because this core 
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was stored in 12 sections (1.5 m each) which 
were not oriented relative to each other, the 
declination record contains many spurious 
shifts at the breaks between core sections. Con- 
sequently, only those declination shifts which 
are also accompanied by distinct reversals in 
inclination are considered reliable indications 
of polarity reversals. Fortunately, changes in 
inclination from this site (at 10 degrees South) 
provide a clear record of magnetic polarity re- 
versals. Negative inclinations indicate normal 
polarity, and positive inclinations designate re- 
versed polarity. 
Biostratigraphic analyses of Core MD81-369 
support the interpretation of magnetostratig- 
raphy shown in Fig. 5. For example, the Ptero- 
caniumprismatium LAD occurs at 465 cm (Ta- 
ble IV), just above what we identify as the 
MD81-369 
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Fig. 5. Inclination, declination, and magnetic polarity logs 
for core MD81-369 after 20 mT demagnetization. Arrows 
indicate breaks between core sections, as in Fig. 4. 
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Olduvai subchronozone. Although the Brunhes 
interval appears anomalously short, the record 
of older magnetic hrons seems largely com- 
plete, with even the shorter subchronozones 
present (e.g. the Kaena and Mammoth re- 
versed polarity zones within the Gauss). Thus 
it appears that core MD81-369 spans over 4.4 
million years, although the interpretation f the 
chronology within the lowermost (Gilbert) in- 
terval of the core remains omewhat proble- 
matic. The single sample with negative incli- 
nation at 1400 cm may indicate the presence of 
a short normal polarity zone, or it may simply 
reflect some physical disturbance of the core. 
We favor the latter interpretation, because the 
position of this sample (at the break between 
two core sections) is one which is often prone 
to physical disturbance. Consequently we in- 
terpret the two well-developed normal polarity 
zones in this section (1505-1539 cm and 1635- 
1712 cm ) to represent the two youngest normal 
polarity subchrons (Cochiti and Nunivak) of 
the Gilbert chron. 
The single normal polarity sample at the bot- 
tom of the core (Fig. 5) may either be another 
example of a single spurious point, or it may 
indicate that the core actually extends to ma- 
terial of normal polarity, presumably the Sid- 
ufjall subchronozone. Here again the biostrati- 
graphic control may be helpful. The first 
appearance of Spongasterpentas occurs at 1704- 
1710 cm in this core (Table IV), and has been 
dated at 4.2-4.3 Ma in the tropical Indian Ocean 
(Johnson and Nigrini, 1985 ). On this basis we 
can confidently assign the normal polarity sub- 
chron at 1635-1712 cm to the Nunivak (4.10- 
4.24 Ma). Extrapolation of the mean sedimen- 
tation rate for the pre-Brunhes in this core 
(about 4.5 m/m.y. ) would suggest that the top 
of the Sidufjall (4.40 Ma) was indeed reached 
at the base of the core (1772 cm depth). 
Core VM29-40 
This core was studied previously by Burckle 
and Opdyke (1977); the paleomagnetic log and 
VM29-40  
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Fig. 6. Inclination, declination and magnetic polarity logs 
for Core VM29-40 after 15 mT demagnetization (from pa- 
leomagnetic data of Burckle and Opdyke, 1977). Conven- 
tion as in Fig. 4. 
polarity interpretation are shown in Fig. 6. The 
interpretation differs from that shown in Burc- 
kle and Opdyke's (1977) fig. 3 in that a drafting 
error has been corrected. Also, over two short 
intervals the polarity interpretation has been 
left undetermined. The lower undetermined in- 
terval occurs at the very bottom where the core 
may have been physically disturbed. The upper 
undetermined interval occurs just below the 
Jaramillo subchronozone. This too may reflect 
some disturbance, orperhaps it may record the 
short Cobb Mountain normal polarity sub- 
chron (Mankinen et al., 1978), evidence of 
which has also been found in other deep sea 
sediments (Clement and Kent, 1987). 
Assessment of Paleomagnetic results 
Age-depth curves, based on the time scale of 
Berggren et al. (1985a, 1985b), help to assess 
the completeness of the stratigraphic record in 
the cores comprising our composite reference 
section (Figs. 3 and 7 ). The paleomagnetic data 
on core VM34-53 give a lower limit of 7.5 m/  
m.y. on the overall sedimentation rate. The re- 
vised isotope stratigraphy (Fig. 2), however, 
suggests that the sedimentation rate is some- 
what variable (Fig. 3), being higher near the 
top of the core (about 13 m/m.y. ) than near the 
bottom (about 7 m/m.y.). 
Core RC14-22 shows largely uniform sedi- 
mentation at an average rate of 7.2 m/m.y. The 
age-depth relationship for MD81-369 indicates 
some variation over short intervals, but the av- 
erage rate below the Brunhes/Matuyama 
boundary is 4.5 m/m.y., which is essentially 
equal to that of Core VM29-40. The Brunhes 
interval of Core MD81-369 is anomalously 
short, indicating either a recent period of ero- 
sion or reduced sedimentation, or perhaps an 
incomplete recovery of the uppermost portion 
of the sediment column. 
Radiolarian biostratigraphy 
Selection and identification of events 
We (DJ, JPC and CN) first compiled a list- 
ing of late Neogene morphotypic radiolarian 
events (i.e., first- and last-appearance datum 
levels) based on presence-absence data. Our se- 
lection of events drew upon previous tudies of 
Nigrini (1971), Knoll and Johnson (1975), 
Riedel and Sanfilippo (1978), Caulet (1982, 
1986), Johnson and Nigrini (1985), Sanfilippo 
et al. (1985), Nigrini and Caulet (1988) and 
Caulet and Nigrini (1988). We agreed upon a 
standard taxonomic oncept for each species 
included (see Appendix), in order to insure the 
application of consistent criteria for ascertain- 
ing the stratigraphic ranges of each taxon. 
Four cores were chosen for detailed study 
41 
(Table I) and sampled at closely-spaced inter- 
vals (see Tables II-V). At least three strewn 
slides were prepared for radiolarians in each 
sample, using standard preparation procedures 
(Sanfilippo et al., 1985). Primary responsibil- 
ity for faunal analysis was divided between us 
as follows: VM34-53 (DJ), MD81-369 (JPC), 
RC14-22 and VM29-40 (CN).However, each of 
us also examined slides from the remaining co- 
res in order to spot check each other's tabula- 
tions of species occurrences. Initially we worked 
independently, and then compared our tabula- 
tions of events. We found surprisingly few dis- 
crepancies, and those which did occur could be 
resolved with relative ase. Raw census data are 
tabulated in the following way (Tables II 
through V): P = present; + = single specimen; 
-=searched for, but not found; ? =dubious 
identification. 
A synthesis of our determinations of biostra- 
tigraphic datum levels is presented in Table VI, 
showing the depths (in cm) and the corre- 
sponding ages (Ma) between which each event 
occurs. Table VI also includes imilar, though 
less precise, observations from DSDP Sites 214, 
586, and 573 (Johnson and Nigrini, 1985 ). One 
limitation of the Johnson and Nigrini (1985) 
study was that the authors had data available 
from only a single Indian Ocean drill site, and 
they relied primarily upon indirectly derived 
paleomagnetic age control. In this paper we 
present paleomagnetically-calibrated datum 
levels for the tropical Indian Ocean, thereby al- 
lowing a more precise comparison with the 
tropical Pacific sequence (Sanfilippo et al., 
1985), and a more precise assessment ofpossi- 
ble non-synchronous events. 
We note that there is close agreement be- 
tween the ages of events derived from paleo- 
magnetically-dated cores and those ages esti- 
mated by Johnson and Nigrini (1985) for 
DSDP Site 214 nearby (Table VI). This agree- 
ment suggests that the first-order patterns of 
Indian/Pacific diachroneity suggested by 
Johnson and Nigrini (1985) are indeed valid, 
although considerable fine-tuning of the ages of 
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events will be required in order to document the 
degree of diachroneity more precisely. 
In the following listing of radiolarian events 
we assess the reliability and possible dia- 
chroneity of each. All radiolarian events are 
tabulated in Table VI and those which are con- 
sidered non-synchronous by 0.4 m.y. or greater 
are listed in Table VII. We also list several ra- 
diolarian events which were initially tabulated, 
but were later excluded ue to problems in tax- 
onomy, species abundance, or sharpness of the 
event. 
Radiolarian events 
Base Buccinosphaera invaginata. Evolves from 
Collosphaera orthoconus (Knoll and Johnson, 
1975; Bjorklund and Goll, 1979) at around 0.17 
Ma, near the isotope stage 6/7 transition. Pre- 
viously selected as a zonal boundary (Nigrini, 
1971 ). Requires well-preserved assemblages and 
reliable core-top recovery in order to recognize 
event; drill cores may not be adequate. Proba- 
bly synchronous, based on published Pacific 
Ocean data and Knoll and Johnson (1975). 
Top Stylatractus universus. Globally syn- 
chronous event at 0.42 Ma (Morley and Shack- 
leton, 1978). Reliable and easily recognized 
event; species may be confused with a similar 
but smaller (unidentified) form. Here selected 
as a zonal boundary marker. 
Base Collosphaera tuberosa. Distinctive mor- 
phology, though can sometimes be confused 
with C. orthoconus. Previously selected as a 
zonal boundary marker (Nigrini, 1971 ). Prob- 
ably synchronous. 
Top Anthocyrtidium nosicaae. An easily rec- 
ognized and reliable event within tropical In- 
dian Ocean. Diachronous; approx. 0.4 m.y. 
younger in Indian Ocean than in Pacific. 
Top Pterocorys campanula. Evolves to P. hert- 
wigii. Can usually be distinguished from P. her- 
twigii on specimens where abdomen is rela- 
tively complete (Caulet and Nigrini, 1988). 
Synchronous. 
Base Pterocorys hertwigii. Evolves from P. 
campanula (Caulet and Nigrini, 1988). 
Synchronous. 
Base Anthocyrtidium euryclathrum. Present 
only in the Indian Ocean; an easily recognized 
and reliable event (Nigrini and Caulet, 1988). 
Top Anthocyrtidium angulare. Easily recog- 
nized form, more common in Pacific than in In- 
dian Ocean. Previously selected as a zonal 
boundary marker (Nigrini, 1971). Synchron- 
ous, near the base of Jaramillo. 
Base Lamprocyrtis nigriniae. Distinctive, but 
relatively rare in some areas due to its appar- 
ently restrictive geographic range (Johnson and 
Nigrini, 1980). A short stratigraphic gap is 
present between this event and the last occur- 
rence of its described ancestor, L. neoheteropo- 
ros. Synchronous in our tropical samples. 
Top Lamprocyrtis neoheteroporos. Probably 
evolves into L. nigriniae. Relatively rare in 
tropical assemblages. Synchronous. 
Top Anthocyrtidium ichelinae. Taxon very 
distinct, more common in Indian Ocean than 
in Pacific. Extinction is reliable and easily rec- 
ognized. Synchronous. 
Top Pterocanium prismatium. Sharp, reliable, 
and easily recognized event. Previously se- 
lected as zonal boundary marker (Riedel and 
Sanfilippo, 1971; Sanfilippo et al., 1985). Syn- 
chronous, corresponding approximately with 
the top of the Olduvai and the Pliocene-Pleis- 
tocene boundary (Hays et al., 1969; Berggren 
et al., 1980). 
Base Anthocyrtidium angulare. Reliable and 
easily recognized event. More common in Pa- 
cific than in Indian Ocean. Synchronous, near 
the top of the Olduvai. 
Base Pterocorys zancleus. Form is rather rare 
in tropical sediments, and may be confused near 
the lower end of its range with P. campanula. 
Apparently diachronous, appearing approx. 0.4 
m.y. earlier in the Pacific than in Indian Ocean. 
Top Theocorythium vetulum. Form evolves to 
T. trachelium, and is easily distinguished from 
it. Rather rare in Indian Ocean, more common 
in Pacific. Previously established as diachron- 
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Fig. 7. Age-depth relationships for three of the cores com- 
prising the stratigraphic type section, based on the identi- 
fication of polarity reversal boundaries and the geomag- 
netic polarity time scale of Berggren et al. (1985a). 
Top Anthocyrtidium jenghisi. Synchronous. 
Here selected as a zonal boundary marker for 
the late Pliocene at approx. 2.35 Ma. A smaller 
variety of this species, which can be confused 
with A. angulare, occurs at the upper and lower 
limits of its range (Nigrini and Caulet, 1988). 
Base Theocalyptra davisiana. Easily recog- 
nized and reliable event. Important to distin- 
guish the nominated subspecies from related 
subspecies (Petrushevskaya, 1967 ). 
Synchronous. 
Base Lamprocyrtis neoheteroporos. Apparently 
diachronous by approx. 0.5 m.y. (younger in the 
tropical Indian Ocean than the tropical Pa- 
cific). In some tropical locations may be too rare 
to be a reliable event. In the tropical Indian 
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Ocean we have not observed its transition from 
its presumed ancestor, L. heteroporos. 
Base Theocorythium trachelium. Diachronous 
by approx. 1 m.y. (older in the tropical Indian 
Ocean than the tropical Pacific ). Event is not 
especially reliable because a similar, smaller and 
possibly conspecific form can be found below 
the FAD of typical T. trachelium specimens. 
There is a stratigraphic gap between the FAD 
of T. trachelium and the LAD of the smaller 
form. 
Top Stichorocys peregrina. Sharp, easily rec- 
ognized event. Previously selected as a zonal 
boundary marker (Riedel and Sanfilippo, 
1970). Synchronous at2.65 Ma, near the top of 
the Gauss. 
Top Anthocyrtidium ehrenbergi. A reasonably 
good event which is more easily recognized in 
the Pacific than in the Indian Ocean. Diachron- 
ous by approx. 0.9 m.y. (younger in the tropical 
Indian Ocean than the tropical Pacific). 
Top Anthocyrtidium pliocenica. Easily recog- 
nizable event. Species is more abundant and 
more robust in the Pacific than in the Indian 
Ocean. Diachronous by approx. 1 m.y. (older in 
the tropical Indian Ocean than the tropical 
Pacific). 
Top Phormostichoartus fi tula. Reliable and 
easily recognized event. Distinguishable from 
P. pitomorphus (Caulet, 1986) by its greater 
size. Synchronous, atca. 3.26 Ma. Here selected 
as a zonal boundary marker for the Pliocene. 
Top Lychnodictyum audax. Not a sharp event 
because there are sporadic occurrences above 
the last consistent occurrence. Species is easily 
recognizable, but very rare in the central trop- 
ical Pacific (DSDP Site 573). Probably 
synchronous. 
Top Phormostichoartus doliolum. Reliable and 
easily recognized event. Synchronous, atca. 3.55 
Ma. Here selected as a zonal boundary event for 
the Pliocene. 
Base Amphirhopalum ypsilon. Rare at the lower 
end of its range, but easily recognizable, ven 
from fragmentary specimens. Synchronous. 
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Top Spongaster pentas. Rare in the Indian 
Ocean. Diachronous by approx. 0.8 m.y.; older 
in the tropical Indian Ocean than the tropical 
Pacific. 
Base Spongaster tetras. Reliable and easily rec- 
ognized event. Synchronous. 
Top Spongodiscus klingi. Apparently syn- 
chronous, but generally too rare to be a useful 
stratigraphic event. 
Top Spongaster berminghami. Very rare in the 
Indian Ocean. Apparently diachronous by ap- 
prox. 0.8 m.y. (younger in the tropical Indian 
Ocean than in the tropical Pacific ). 
Top Anthocyrtidium prolatum. Evolves to A. 
zanguebaricum (Nigrini and Caulet, 1988). 
Synchronous, and here tentatively selected as 
a zonal boundary marker for the early Pliocene 
of the Indian Ocean. We have not observed this 
species in DSDP Site 573 material from the 
central Pacific, but this may be due to the 
method of preparation of our Site 573 material. 
Base Spongaster pentas. Rare in the Indian 
Ocean. Apparently diachronous by approx. 0.8 
m.y. (younger in the tropical Indian Ocean than 
in the tropical Pacific). 
Base Anthocyrtidium ophirense. Probably 
diachronous by up to 1 m.y. (younger in the 
tropical Indian Ocean than the tropical Pa- 
cific). Occurs near the lower stratigraphic limit 
of our studied cores (Table VI) and thus may 
be modified with subsequent observations. 
The following events were initially tabulated 
and evaluated, but later rejected as useful 
marker horizons: 
Top Acrosphaera spinosa hamospina. Too rare. 
Base CoUosphaera orthoconus. Not a sharp 
event, and sometimes difficult to distinguish 
from C. tuberosa. 
Base Pterocorys abae. Not a sharp event. 
Specimens are small and often broken at the 
lower end of its range. 
Base Anthocyrtidium zanguebaricum. Species 
is difficult to identify at the lower end of its 
range, particularly in the Pacific Ocean. 
Proposed radiolarian zonation for the Plio- 
Pleistocene ofthe tropical Indian Ocean 
We are proposing herein a revised radiolar- 
ian zonation for the tropical Indian Ocean (see 
Fig. 8). Except for Zone NR 11 (Anthocyrti- 
dium prolatum Zone) we believe that this zo- 
nation is also applicable to the tropical Pacific 
Ocean. We have discarded the Spongaster li- 
neage as a zonal boundary criteria, both be- 
cause of its diachronous nature (Table VII) and 
because of the scarcity of S. pentas and S. ber- 
minghami in the tropical Indian Ocean. 
Our chosen zonal boundaries are based only 
upon demonstrably s nchronous morphotypic 
events (i.e., first- and last-appearance datum 
levels, and not on evolutionary transitions). 
Following the definition of each zone is a stra- 
tigraphically ordered list of radiolarian events 
which occur within the zone in the Indian 
Ocean. We have noted those events which are 
diachronous between our Indian and Pacific 
Ocean sites, and which may not, therefore, oc- 
cur globally within the same biozone. The first 
and last appearances, of a taxon are indicated 
by "Bm" (earliest morphotypic occurrence ) and 
"Tm" (latest morphotypic occurrence). Zonal 
concepts are those of the International Strati- 
graphic Guide (Hedberg, 1976). 
(Nr. 1) Buccinosphaera invaginata Range 
Chronozone (Nigrini, 1971; Caulet, 1979) 
Defined by the range of Buccinosphaera inva- 
ginata, approx. 0.17 Ma to present. 
(Nr. 2) Collosphaera tuberosa Interval- 
Chronozone [Nigrini, 1971 {partita.); Caulet, 
1979] 
Morphotypic top ofStylatractus niversus (0.42 
Ma) to morphotypic bottom of Buccinosphaera 
invaginata {approx. 0.17 Ma). 
(Nr. 3) Stylatractus universus Interval- 













E -  


































o ~ '~ ~ ~ ~ ~ .~. 




~ ~ -~ 
• i ~ 
• : GAUSS G ILBERT 
O " ' " ' " 
Fig. 8. Summary of proposed radiolarian zonation, radiolarian events, and paleomagnetic stratigraphy for the Pliocene and 
Pleistocene of the tropical Indian Ocean. Geomagnetic polarity time scale from Berggren et al. (1985a). 
Morphotypic bottom of CoUosphaera tuberosa 
(approx. 0.58 Ma) to morphotypic top of Sty- 
latractus universus (0.42 Ma). 
(Nr. 4) Amphirhopalum ypsilon Interval- 
Chronozone [Nigrini, 1971; Caulet, 1979 
(partim.) ] 
Morphotypic top of Anthocyrtidium angulare 
(ca. 1.0 Ma) to morphotypic bottom of Collos- 
phaera tuberosa (ca. 0.58 Ma). 
Events included in this Zone are: 
Tm Anthocyrtidium nosicaae (diachronous) 
Tm Pterocorys campanula 
Bm Pterocorys hertwigii 
Bm Anthocyrtidium euryclathrum (Indian 
Ocean only) 
(Nr. 5) Anthocyrtidium angulare Interval- 
Chronozone [Nigrini, 1971; Caulet, 1979 
(partim.) ] 
Morphotypic top of Pterocanium prismatium 
(1.55 Ma) to morphotypic top of Anthocyrti- 
dium angulare (1.0 Ma). 
Events included in this Zone are: 
Bm Lamprocyrtis nigriniae 
Tm Lamprocyrtis neoheteroporos 
Tm Anthocyrtidium ichelinae 
(Nr. 6) Pterocanium prismatium Interval- 
Chronozone [Riedel and Sanfilippo, 1970, 
emend. 1978, emend. Sanfilippo et al., 1985 
(partim.); Caulet, 1979 (partim.) ] 
Morphotypic top of Anthocyrtidium jenghisi 
(ca. 2.35 Ma) to morphotypic top of Pterocan- 
ium prismatium (1.55 Ma). 
Events included in this Zone are: 
Bm Anthocyrtidium angulare 
Bm Pterocorys zancleus 
Tm Theocorythium vetulum 
(Nr. 7) Anthocyrtidium jenghisi Interval- 
Chronozone (non NR 7 of Caulet, 1979) 
Morphotypic top of Stichocorys peregrina ( 2.65 
Ma) to morphotypic top of Anthocyrtidium 
jenghisi (2.35 Ma). 
Events included in this Zone are: 
Bm Theocalyptra davisiana 
Bm Lamprocyrtis neoheteroporos (diachronous) 
Bm Theocorythium trachelium ( diachronous ) 
(Nr. 8) Stichocorys peregrina Interval- 
Chronozone (non Stichocorysperegrina Zone of 
Riedel and Sanfilippo, 1970, emend. 1978) 
Morphotypic top of Phormostichoartus fistula 
(ca. 3.25 Ma) to morphotypic top of Sticho- 
corys peregrina (2.65 Ma ). 
Events included in this Zone are: 
Tm Anthocyrtidium ehrenbergi (diachronous) 
Tm Anthocyrtidiumpliocenica (diachronous) 
(Nr. 9) Phormostichoartus fi tula Interval- 
Chronozone 
Morphotypic top of Phormostichoartus do- 
liolum (ca. 3.55 Ma) to morphotypic top of 
Phormostichoartus fistula (ca. 3.25 Ma). 
Events included in this Zone are: 
Tm Lychnodictyum audax 
(Nr. I0) Phormostichoartus doliolum Inter- 
val-Chronozone 
Morphotypic top of Anthocyrtidium prolatum 
(ca. 3.87 Ma) to morphotypic top of Phormos- 
tichoartus doliolum (3.55 Ma). 
Events included in this Zone are: 
Bm Amphirhopalum ypsilon 
Tm Spongaster pentas (diachronous) 
Bm Spongaster tetras 
Tm Spongodiscus klingi 
Tm Spongaster berminghami (diachronous) 
(Nr. 11) Anthocyrtidium prolatum Range 
Chronozone 
Defined by the range of Anthocyrtidiurn prola- 
turn (ca. 4.7 Ma to 3.87 Ma). 
Events included in this Zone are: 
Bm Spongasterpentas (diachronous) 
Bm Anthocyrtidium ophirense (diachronous) 
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Discuss ion 
We have identified thirty-three radiolarian 
datum levels in the Plio-Pleistocene (0.0-4.5 
Ma) of the tropical Indian Ocean, and have cal- 
ibrated each to the paleomagnetic time scale. 
Nineteen of these vents are here identified and 
calibrated for the first time, thereby allowing a 
substantial increase in the degree of strati- 
graphic resolution which is possible in the late 
Neogene (e.g. Riedel and Sanfilippo, 1978, fig. 
1; Sanfilippo et al., 1985, fig. 2, p. 640). Some of 
these events can be calibrated with high preci- 
sion (i.e., less than 0.1 m.y.). Others may be 
less precise when their FAD's or LAD's are 
blurred as a result of apparently discontinuous 
occurrences, ome of which may be artifacts of 
mixing or contamination i  specific cores. We 
have assessed the relative reliability of each da- 
tum level (see remarks in previous ection ) and 
on this basis have recommended a revision in 
the tropical radiolarian zonation for the Pli- 
ocene-Pleistocene. 
Our revised zonation derives from our obser- 
vations of the unsatisfactory nature of the 
Spongaster berminghami--, S. pentas ~ S. tetras 
lineage as a criteria for subdividing the Plio- 
Pleistocene in the Indian Ocean. The two ear- 
lier species in the lineage are relatively rare in 
our Indian Ocean cores compared with their 
Pacific abundances, and in many samples are 
missing entirely. Moreover some of the events 
in the lineage are notably non-synchronous 
(Johnson and Nigrini, 1985; this paper, Table 
VII). For this reason we have assessed the de- 
gree of reliablility of each of the 33 radiolarian 
events and have chosen ten of these providing 
the most reliable criteria for stratigraphically 
subdividing the late Neogene. 
We note that our zonation and sequence of 
events includes some of the same events rec- 
ognized by Caulet (1982, 1986b) in proposing a 
mid-latitude late Neogene zonation. However, 
there are notable differences inthe diversity and 
species composition ofthe assemblages in mov- 
ing from tropical to temperate latitudes, and 
thus it seems important to establish and cali- 
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brate the zonations from the two regions inde- 
pendently. After such calibration, the degree of 
morphological similarity of taxa and the syn- 
chroneity of events between low and middle lat- 
itudes can be assessed more reliably than is 
possible at the present time. 
We also note that an alternative approach to 
our assessment of non-synchroneity would be 
to employ graphical correlation procedures (e.g. 
Barron et al., 1985; Dowsett, 1987; Prell et al., 
1987). Such a procedure is especially valuable 
when there exists a well-chosen reference sec- 
tion against which all others can be mapped, 
such as core VM28-238 which serves as a ref- 
erence for graphic correlational techniques in 
fine-tuning the isotope time scale of the late 
Pleistocene (e.g. Prell et al., 1987). When we 
have extended our analyses to additional pre- 
Pleistocene Indian Ocean cores (e.g. Table I, 
Part B), it may then be possible to identify a 
single core to serve as a reference section, and 
thereby use graphic techniques tofurther efine 
the positions of datum levels (Fig. 8). 
We here have observed that a significant 
number of radiolarian datum levels (roughly 
one-third of all those examined) are indeed 
diachronous between the Indian and Pacific 
Ocean (Table VII), yet the patterns may not be 
as simple as those we suggested earlier (John- 
son and Nigrini, 1985). It appears that first- and 
last-occurrences are comparably represented 
among the diachronous events. Moreover, there 
seems to be no clear pattern of FAD's occurring 
in the Indian Ocean prior to their appearance 
in the Pacific. We here encourage a re-assess- 
ment of possibly diachronous events in all mi- 
crofossil groups, as a means to document more 
fully this effect and allow us to begin to assess 
its oceanographic and evolutionary 
implications. 
Summary and conclusions 
Thirty-three radiolarian events have been 
documented in the Pliocene-Pleistocene of the 
tropical Indian Ocean (0.0-4.5 Ma), and cali- 
brated to the paleomagnetic reversal time scale. 
Nineteen of these events are described and cal- 
ibrated here for the first time. Twelve of the 
events are clearly diachronous between the 
tropical Indian and Pacific Oceans. On the ba- 
sis of our assessment of the reliability and de- 
gree of synchroneity ofeach event, we have pro- 
posed a revised radiolarian zonation, based on 
selecting as zonal markers those events which 
are demonstrably s nchronous. We anticipate 
that our revision may allow increased strati- 
graphic resolution in tropical sediment cores. 
Moreover, our work points to a continuing need 
to question the presumption ofbiostratigraphic 
synchroneity, and to use independent correla- 
tional techniques (e.g. isotopic and paleomag- 
netic stratigraphy) to re-assess the degree of 
synchroneity ofeach chosen datum level. 
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TABLE II 
Presence of stratigraphically important radiolarians in each sample examined from core VM34-53. Left-hand columns in- 
dicate the sub-bottom depth (in cm) and the estimated age (Ma) of each sample, using the isotopic and paleomagnetic 
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P . . P . + -  . P . . . .  P P P  . . P . . P P P  . 
P • 




I p . 
+ P . 
+ P . 
P . - -  . P . . . . .  P P -  . . P . . P P P  . 
P . P -  . P . . . .  + P P P  . . P . . P P P  . 
P . . . .  P . . . . .  P P P  . . P . . P P P  . 
P . . . .  P . . . . .  P P P  . . P . . P P P  . 
P . P +  . P . . . . .  P P P  . . P . . P P P  . 
P . . . .  P . . . .  - P P P  . . P . . P P P  . 
P . . . .  P . . . + P P P  . . P . . P P P  . 
P . . . .  P . . . .  + + P P  . . P . . P P P  . 
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TABLE III 
Presence of stratigraphically important radiolarians in each sample examined from core RC14-22. Ages of samples are 
derived from paleomagnetic calibrations ofFig. 4. Explanation of symbols in text. 
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0 .12  
0 .15  





















O.  66 
O.  69  
0 .71  
O.  73  















P . P . 
P . P . 
P . P . 
P . P . 
P . P . 
P . P . 
P . P . 
P . P . 
P . P . 
P . P . 
P . P . 
P . P P - P  . P . . . . .  P P P  . . P . 
P . P P  + P  . P . . . . .  P P ? . P . 
P . P - - P  . + . . . . .  - P P . . P . 
P . P -  P P  . P . . . . .  - p  . . P . 
P . . P . P P  . P . . . .  + + P . . P . 
P . . P . P P  . P . . . . .  P P  . . P . 
P . . P . + P  . P . . . . .  P P P  . P . 
- P P . 
• P P . 
. P P . 
. P P . 
+ P . 
. P P . 
P P . 
. P . . P . P P  . P . . . . .  P P  P . . P . . . P P  . 
P . . P . + P . P . . . . .  P P P  . . P . 
. P . . P . - P  . P . . . . .  P P P . . P 
P . . P . - P  . P . . . . .  P P  ? . P . 
. p .  - + p . p  . . . . .  P P .  . P  
. P . . P . + + . P . . . . .  P P .  P . 
. p .  - - + . p  . . . . .  P P .  . P  
. P . . P . + -  . P . . . . .  P P . . P . 
P P . 
. . P P . 
P P . 
. . P P . 
P P . 
P P . 
P P . 
p . . p . . + p  . - - . . . . .  P P . P . - P P  . 
P . P . . P . + . + -  . P . . . . .  P P . P . + P  P . 
P . . P . . P . . P . P -  . P . . . . .  P P  . . P . P P P  . 
P . P . . P . . P . P + . P . . . . .  P P P . P . . P P P . 
P . P . . P . . P . P + . P . . . . .  P P  P . P P P  . 
P . . P . . P . . P . - + . P . . . . .  P P . P . P P P  . 
P . . P . . P . . P . . P . . . . .  P P  P . P P P  . 
P . . P . o + P . . P . P -  . P . . + P P  + . P . P P P . 
P . . P . . P . . P . - . - . . . . .  P P  . P . P P P  . 
P . . P . . P . . P . - . . P . . . . .  P P  . P . P P P  . 
P . . P . . P . - - . . p . . . .  ? P P  . P . P P P  . 
P . . P . . P . . P . . P . . . .  P P P  . P . P P P  . 
P . . P . . P . . P . P . . - . . . .  P P P P . P . - P P . 
p . . p . . + p . - . . . p . . . .  P + P P  . P . + P P .  
P . . P . . P P  . . P . . . .  P . . . .  P - P  . P . P P P  . 
P . . P . . P P . . P . . . .  + . . . .  P - P . . . P . . P F" F' . 
p -  . p . . p p  . . p . - p  . . . .  P - P  . 
P . . P . . P P  . . P . + P . . . .  P -  P P . 
p . - . p p  . . p . + . P . . . .  P + P  ? 
P . . + . . P P . . P . . . .  P . . . .  P . P P  . 
P -  . + . . P P  . . P . . . P . . . .  P . P . 
p -  . - . . P p  . . P . . + P . . . .  P . P . 
P -  . - . . P P  . . P . . . + + . . . .  P . P . 
P -  . - . . P P  . P . . . . .  P ? P  . 
P . P P P . 
P . - P p . 
. P . - P P . 
P . - P P . 
P . . P P P . 
. P . . P P P . 
P . . P P P . 
. P . . P P P . 
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! .  23 
1.26  
1 .29  
1 .33  
1 .36  





1 .55  
1 .59  
1.62 
1.65  
1 .68  
1 .72  
1 .76  
1.81 
1.85  
1 .90  
1 .95  
2. O0 
2 .05  
2 .09  
2 .14  
2 .19  
2 .24  
2 .28  
2 .33  
2 .38  
2 .43  
2 .47  
P -  . - . . P P  . . p . 
P P . - . . P P . . P . 
P P . . . .  P P . . P . 
P P . . . .  P P .  . P .  
P P . . . .  P P . . P . 
P P . . . .  P P .  . P . 
P P . . . .  P P . . P . 
P P . . . .  P P .  - 
P P . . . .  P P .  - 
P P . . . .  P P . - 
P P . . P P . - 
P P .  . . P P .  - 
P P . . P P . - 
P P . . . P P . . P . 
P P . . . .  P P . . P . 
P P . P P . . ? . 
- + . . . .  P - P  . . P . . P P P  . 
- + . . . .  P . P P . . P . . P P P  . 
. . . .  P . P . . P . . P - P  . 
. . . .  P . - . . P . . P P P . 
. + . . . . .  P . + . . P . . P P  P . 
. P . . . . .  P . P P . P . . P P P . 
. ? - . . . . P . P . . P . - P P . 
. + . . . . .  P . P P  . . P . . F P P  . 
. P . . . . .  P . P . . . P . . P P  P . 
. P . . . . .  P . P . . P . . P P P . 
. P . . . . .  P . - . . . P . . P P P . 
. P . . . . .  P . P . . P . . P P P  . 
. P . . . . .  P . - . . P . . P P P  . 
. P . . . .  - P  . - . . P . . P P P . 
. P . . . .  - P . - . . p . . P P P . 
. P  . . . .  - P  . . . . .  P . . P P P -  
P P  . . . .  P P  . . . . . .  P . . . .  - P  . . . .  P .  - P P +  
P -  . . + P P  . . . . . .  P . . . .  + P  . . . . .  P . . P - P  . 
P - . . P P  P . . P . . . P . P P  . - . . P . P P  F . 
P -  . P P P  . . . .  P . . . P P  . . P . P P  P . 
P -  . P P P  . . P P . . . P P  . . . . .  P . P P P  + 
P - . P P P . . p . P . . . .  P P . . . . .  P . + P P  - 
P . . . .  P P P  . P . . P . . . .  P P . . . . .  p . P P P  - 
P . . . .  P P P  . . . . . .  P . . . .  P P  . . . . .  P .  P P P .  
P - . P P P  . . . . . .  P . . . .  P P .  - p p  . P P p  - 
P . . . .  P P P  . p . P . . . .  P P  . . . . .  P . P P P  P 
P . . . .  P P P  . . . . . .  P . . . .  P P  . . . . .  P .  P - P P  
P . . . .  P P P .  P .  P . . . .  P P  . . . . .  P .  P P P  
P -  . + P p p  . P . P . . . .  P P  . . . . .  P . P P P +  
P . . . .  P P P  . P . P . . . .  P P  . . . . .  P . - p p -  
P . . . .  P P  P . . . . . .  P . . . .  P P  . . . . .  P . . P P P  ? 
P . . . .  P P P  . P o P . . . .  P . . . . . .  P . . P P P  - 
P . . . .  P P P  . . . . . .  P . . . .  P P  . . . . .  P . . P P P P  
P . . . .  P P P  . . . . . .  P . . . .  P P  . . . . .  P . . P P  P - 
P . . . .  P P P  . . P . . P . . . .  P P  . . . . .  P . . P O P  + 
P . . . .  P P P . - p . . . .  P P . . . . .  P . . P P  P - 
P . + P P P  . . P . . R . . . .  P P  . . . . .  P . . P P P  - 
P . . ? P P P  . - + . . . .  P P  . . . . .  P . . P P P  - 
P . . P P P  P . . P . . P . . . .  P P . . . . .  P . . P P P - 
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TABLE IV 
Presence of stratigraphically important radiolarians in each sample xamined from core MD81-369. Ages of samples are 
derived from paleomagnetic calibrations ofFig. 5. Explanation of symbols in text. 
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• 60  
• 62  
• 64  
.67  
.69  





• 87  
.90  
.92  
• 92  
• 94  
.95  
• 97  
.99  
1 .02  
1 .04  
1 .07  
1 .09  
1.12  
1 .14  
1 .17  
1 .19  
1.22  
1 .24  
1 .26  
1 .28  
1 .30  
1 .32  
1 .34  
1 .37  
1 .39  
1 .42  
I .  44  
P . . P , . P . . P -  + P  , P . . . . .  P P  P . , P , . . P P  , 
P , . P . . p . , P - - -  , P . . . . .  P P P . . P + P P  . 
P . . P .  . p . . P - - - , P  . . . . .  P P P .  P - P P .  
P . . p , . p . . P - - -  . + . . . . .  P P P . P . P P P  . 
P . . P . . P . . P . . . .  + . . . . .  P P P  . P P P P  . 
P . . + . . P . . P . . . .  + . . . . .  P P P  P . . P P P  . 
P - . + . - P . . P . . . .  - . . . . .  + P P . F '  . . P P P . 
P . . + . - p  . . P . . . .  - . . . .  - P P P  . P . P P P  . 
p .  - . p p . .  p . . . .  P . . . .  - + P P .  P . P P P .  
p . - . + p  . . p . . , - . . . .  - + P P , P . P P  P . 
P , . + , . + P  , , P . . . .  P . . . .  P + P P  . 
p , - . p p  . . p . . . .  + . . . .  P + P  P , 
P . . P . , P P  . . P . . . .  P . . . .  P - P P  , 
P -  . - . . P P  . , P . . . .  + . . . .  + - P  P . 
P - . - . . P P . . P . P . . . .  P - P P . 
P -  . - . . P P  . . P . . . .  - . . . .  P - P P  . 
P - . - . . P P . . P . . . .  P . . . .  P -  P P . 
P -  . - . . P P  . P . . . .  + . . . .  P -  P P . 
P+ . . PP  . P . . . .  + . . . .  P - P P .  
P+ . . . .  P P .  P . - + . . . .  P - P P .  
P+ . . . .  P P .  P . - +  . . . .  P . PP  . 
PP  . . . .  PP  . . P .  - +  . . . .  P . PP  . 
P . P P P , 
P . P P P . 
P . P P P . 
P . P P P . 
P . P P P . 
P . P P P . 
P . P P P , 
P . P P P . 
P . P P P . 
P . P P P . 
P . P P P . 
P . P P P . 
P P  . . . .  P P .  P ,  
P P , .  P P .  P .  
P P  . . . .  P P ,  P ,  
P P . . .  P P .  P .  
P P . . .  P P .  P .  
P P  . . . .  P P .  P ,  
P P  . . . .  P P .  P .  
P +  . . . .  P P .  P .  
P P  . . . .  P P .  P ,  
P P  . . . .  P P .  P .  
P P . . .  P P .  P .  
P P  . . . .  P P .  P .  
P P  . . . .  P P .  P .  
P P .  - P P . . P .  
P P .  - P P ,  P .  
P P . . + P P . . P , 
P P .  - P P .  P .  
P P .  - P P .  P .  
+ -  . . . . P . P P  . . P . . P P P  . 
. . . .  P . P P  . . P . . P P P  . 
. . . .  P . P P . . P . . P P P  . 
+ -  . . . . P . P P . . P . . P P P  . 
+ -  . . . . P . P P . P . . P P  P . 
P -  . . . . P . P P  . . P . . P P P  . 
P - . . . . P . P P . . P . . P P P . 
- + . . . .  P -  P P . . P . . P P P . 
P . . . . .  P . P P . . P . . P P P . 
P . . . . .  P . P P . . P . . P P P . 
P . . . . .  P . P P . P . . P P P . 
P . . . . .  P . P P . P . . P P P . 
P . . . . .  P . P P .  P .  P P P .  
P . . . . .  P . P P . P . . P -  P . 
P . . . . .  P . P P . P . . P P P . 
P . . . . .  P . P P  , P . , P P P  . 
P . . . . .  P . + P . , P . . P P P  . 
P . . . .  - P  , + P , . P . . P P P  . 
TABLE IV (continued) 
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1 .56  
1 .59  
1.61 
1.63  
I. 64  
1 .66  
1 .70  
1 .74  
1.78  
1.82  




1 .95  




2 .05  
2 .06  
2 .07  
2 .09  
2.11 
2 .13  
2 .16  
2 .18  
2 .20  
2 .22  
2 .24  
2 .26  
2 .28  
2 .30  
2 .32  
2 .34  
2 .35  
P P .  - P P . . P .  
P P .  - P P . . P .  
P P .  - P P . . P .  
P P  . . + P P  . . P . 
P P . . P P P  . . P . 
P P  . . P P P  . . P . 
P + . . P P P . . P . 
P P  . . P P P  . . P . 
P - . . P P P  . . P . 
P - . . P P P  . . P . 
P - . . P P P  . . P . 
P - . . P P P  . . P . 
P - . . P P P  . . P . 
P - .  . P P P .  - 
P - . . P P P  . . P . 
P -  . . P P P  . . P . 
P - . . . P P P . . P . 
P . . . P P P . . P . 
P . . . .  P P P . . P . 
P . . . .  P P P . . P . 
P . . . P P P . . P . 
P - . . . P P P . . P . 
. P . . . .  - P  . P P  . . P . . P P  P 
. P . . . .  - P  . P P  . . P . . P -  P . 
. P . . . .  - P  . P P . . P . . P -  P . 
. P . . . .  - P . - F . . P . . P P P  . 
. P . . . .  P P  . + + . . P . . P P P . 
. P . . . .  P P  . - + . . F . . P + P . 
- . . . . P P  . P P . . P . . P + P . 
. P . . . .  P P  . - P . . P . . P P P -  
. P . . . .  P P  . P P  . . P . . P P P  - 
. P . . . .  P P  . P -  . . P . . P P P -  
. P . . . .  P P . P + . . P . . P P P -  
. P . . . .  P P . P -  . . P . . P P P  - 
. P . . . .  P P . P + . . P . . P P  P - 
. P . . . .  P P  . P -  . . P . . P - P -  
. P . . . .  P P  . P -  . P . . P P P -  
- . . . . P P  . P -  . . P . . P P  P + 
. P . . . .  P P  . P -  . . P . . P + P  + 
. P . . . .  P P  . P -  . . P . . P P P P  
. P . . . .  P P  . P -  . . P . P P P P  
. P . . . .  P P  . P - . . P . P -  P + 
. P . . . .  P P  . P -  . P . P P P  + 
. P . . . .  P P . P - . . P . . P P + + 
P . . . .  P P P  . . P . . . P . . . P P  . P -  . 
P -  . P P P  . . P P . . . .  P P .  
P . . . .  P P P .  
P . . . .  P P P .  
P . . . .  P P P .  
P . . . .  P P P .  
P . . . .  P P P .  P .  
P .  - P P P .  P .  
P .  - P P P .  P .  
P .  - P P P .  P .  
P .  - P P P .  P .  
P .  - P P P .  P .  
P .  - P P P .  P .  
P .  - P P P .  P .  
P .  - P P P .  P .  
P .  P P P P .  P .  
P .  P P P P .  P .  
P .  + P P P . . P .  
P . . P P P P  
P .  P P P P  
P . . . P . . . P P .  - . . P . . P P  P ÷ 
P . . . P . . . P P  . P . P . P P P + 
P . . . P . . . .  P P . P . P . P P P P  
P . . . P . . . P P  . P . . . P . . P P P P  
P . . . .  P P . P .  P .  P P F +  
P . . . .  P P . P .  P .  P P P P  
P . . . .  P P . -  P .  P P P P  
P . . . .  P P =  P .  P - P -  
P . . . .  P P . + .  P .  P P P P  
- . . . . P P  . P . [ . [ - P *  
P . . . .  P P  . P -  . P . P + P + 
- . . . . P P  . P . P . P - P P  
- . . . . P P  . P -  . P . P P P  + 
P . . . .  P P  . P . P . . P - P P  
P . . . .  P P . P - . . P . . P - P P 
P . . . .  P P . - . P . . P ÷ P - 
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TABLE IV (cont inued)  
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P . + P P  P . . P . . + . . . .  P P . F '  . . P . . P + P -  
P . + P P P  . . P . . + . . . .  P P  . + . . P . . P + P -  
P . + P P P  . . P . . + . . . .  P P  . + . . P . P + P -  
P . . P P P P  . . P . - . . . .  P P . + . . '  p - p  + p -  
P . . P P P P  . . P . . + . . . .  P P  . + p . - p - p -  
P . . P P P P  . . P . . + . . . .  P P . + . p . - p -  + -  
P . . P P P P  . . P . - . . . .  P P . - p . - p -  p -  
P . . P P P P  . . P . . + . . . .  P P  . - p . - p - p -  
P . . P P P P  . . P . - . . . .  P P . - p . - p - p -  
P . . P P P P  . . P . - . . . .  P P  . - p . - p  
P . . P P P P  . . P . - . . . .  P P . - p . - p 
P . . P P P  P . . P . - . . . .  P p  . - . + . 
P . . P P P P  . . P . - . . . .  P P . - p . + P 
P . . P P P P  . . P . . . - . . . .  P P  . - P . P P 
P . . P P P P  . . P . . - . . . .  P P . - P . P P  
p . - . p p p p  . . p . - . p p  . - P . P P  
P . - . P P P P  . P . - . . . .  P P  . - P . P P  
+ . - . P P  P P . P . . . . . . . .  P P  . - p . P P 
P . - . P P P P  . P . . . . . . . .  P P . . . . .  P . P P  . 
P . - . P P P P  . . P . . . . . . . .  P P  . . . . .  P . P P  . - 
P . + . P P  P P . + . . . . . . . .  P P  . . . . .  P . P P . - . 
P . P . P P P P  . P . . . . . . . .  P P  . . . . .  P . P P  . - . 
P . P . P P P P  . P . . . . . . . .  P P . . . . .  P . P P  . 
P . P . P P P P  . . P . . . . . . . .  P P . . . . .  P . P P  . 
P . P . P P P P  . P . . . . . . . .  P P . . . . .  P . P P  . 
P . P . P P P P  . P . . . . . . . .  P P  . . . . .  P . P P  . 
P . P . P P P P  . P . . . . . . . .  P P  . . . . .  P . P P  . 
P . P . P P P P  . P . . . . .  - . p p  . . . . .  P . P P  . 
P . P . P P P P  . P . . . . . . . .  P P  . . . . .  P . P P  . 
P . P . P P P P  . P . . . . . . . .  P P  . . . . .  P . P P  . 
P . P . P P P P  . P . . . . .  - . . P P  . . . . .  P . P P  . 
P . P . P P P P  . P . . . . . . . .  P P  . . . . .  P . P P  . 
P . P . P P P P -  . P . . . . .  - . . P P . . . . .  P . P P  . 
P . P . P P  P P  - . P . . . . .  - . - P P . . . . .  P . P P  . 
P . P . P P P  P -  . P . . . . .  - . - P P  . . . . .  P . P P  . . 
P . P . P P P P -  . P . . . . .  - . - P P  . . . . .  P . P P  . 
P . P . P P P P -  . P . . . . .  - . - P P  . . . . .  P . P P  . 
P . P . P P P P -  . P . . . . .  + . - P P  . . . . .  P . P P  . 
P . P . P P P P  ÷ . P . . . . .  - . - P p  . . . . .  P . P P  . 
P . P . P P P P P  . P . . . . .  + . P P P  . . . . .  P . P P  . 
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P . P . P P P P +  . P . . . . .  - . + P P  . . . . .  P . P P  . 
p . p . P P P P -  . P . . . . .  - . - P P  . . . . .  P . P P  . 
P . P . P P P P P  . + . . . . .  - . + P P  . . . . .  P . P P  . 
P . P . P P P P P  . + . . . . .  + .  + P P  . . . . .  P . P P  . 
P . P . P P P P + .  P . . . . .  P . P P P  . . . . .  P . P P  . 
P . P . P P P P P  . P . . . . .  P -  + P P  . . . . .  P . P P  . 
p . p . P P - P +  . + . . . . .  P . P P P  . . . . .  - . P P  . 
p . P . P P P P +  . P . . . . .  P - P P P  . . . . .  P . P P  . 
P . P . P P P P P  ° + . . . . .  P - + P P  . . . . .  P . P P  . 
P . P . P P P P P  . P . . . . .  P - P P P  . . . . .  P . P P  . 
p . P . P P P P -  . P . . . . .  P - P P P  . . . . .  P . P P  . 
+ . p . P P P P -  . P . . . . .  P - + P P  . . . . .  P . P P  . . . 
P . P . P P P P P  . P . . . . .  P + P P P  . . . . .  P . P P  . . . 
P . P . P P P P P  . P . . . . .  P - P P P  . . . .  - P  . P P  
P . P . P P P P P  . P . . . . .  P - P P P  . . - P  . P P  . . . 
P . P . P P P P P  . P . . . . .  P P P P P  . . . .  - P  . P P  
P . P . P P P P P  . + . . . . .  P P P P P  . . . .  - P - P P . . .  
p . P . P P P P P  . + . . . . .  P P P P P  . . . .  - P - P P  . . . 
P . P . P P P P P  . P . . . . .  P P  . P P  . . . 
+ . P . P P P P P  . P . . . . .  P P - P +  . . . 
- p . p p p p p  . - . . . . .  P P - P -  . . . 
- . p . P P - - P  . - . . . . .  - - - P -  . . 
- . p . P P P P P  . + . , . . P P P P P  . 
p . P . P P P P P - +  . . . . .  P P - P P  . 
P . P . P P P P P - +  . . . . .  P P P P P .  
- . p . p p P P P - +  . . . . .  P P P P P  . 
- . P .  P P P P P - +  . . . . .  P P - P P  . 
- . P . P P P P P - -  . . . . .  P P P P P  . 
- .  p .  P P P P P - +  . . . . .  P P P P P  . 
- . P . P P P P P - -  . . . . .  P P P P P  . 
- .  P . P P P P P P -  . . . . .  P P P P P  . 
- . P . P P P P P P ÷  . . . . .  P P P P P  . 
- . P . - P P + P P -  . . . . .  P P - P -  . 
- . P . P P P P P P -  . . . . .  P P + P P  . 
- . P . P P P P P P -  . . . . .  P P P P P  . 
- . P . P P P P P P -  . . . . .  P P P P P  o 
. P . P P P P P P  . . . . . .  P P P P P  . 
. P . P P - ÷ P P -  . . . . .  P P P P  ÷ . 
. P . P P P + P + -  . . . . .  P P - P P  . 
. P . P P P P P P  . . . . . .  P P P P P  . 
- - p - p P . . .  
- - p - p p .  
p - -  • 
p - . 
- - p - p p .  
- + p - P P .  
- - p - p p .  
- - p - p p .  
- p P - P P .  
- + + - p p .  
- p - - p p .  
. + P - + P P .  
. + p - - P P .  
. + p - - P P .  
. + p - + P + .  
. p p - - P P .  
. P P - + P P .  
. p p - - P P .  
. + p - - P P .  
. + + - - p p .  
. P - . - P P .  
. P P . - P P .  
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TABLE IV (continued) 
L~ 
¢ 
D 0 0 
~ M ~ ' w M C C D ~ D  O~ w ~  
O ~ C O ~ U ~ U ~ O ~  '~ 0 ~ ' ~ ' ~  
D 
R C ~ M ~ 3  
D ' ~ ' ~ ' ~ w ' ~ ' ~ ' ~ ' ~ ' ~ ~ D O 0  O ~ N ~ ~  ~ D ~  
~ ~ ~ ~ L . ~ . ~ ~  D = D L . ~  
~ . ~ . ~ - ~ . ~ . ~ . ~ . ~ . ~ . ~ ~ U O D ~ ~ L L O ~ ~  
~ ~ ~ ~ ~ O ' ~ ' ~ ' ~ ~ ~ O ~  
L U O O U O O U U U U C ~ O O O O O U U U O O ~ O O ~ M O 0  




















4 .10  
4 .12  
4 .13  
4 .15  
4 .16  
4 .18  
4 .19  
4.21 
4 .22  
4 .23  
4 .24  
4 .28  
4 .33  
4 .38  
4.41 
. P . P P P P P P  . . . . . .  P P - P  + . 
. P . P P P P P -  . . . . . .  P P -  P P  . 
. P . P P P  P P P  . . . . . .  P P  + P P  . 
. P . P P P  + P P -  . . . . .  P P P P P  . 
. P . P P P P P P  . . . . . .  P P + P P  . 
. P . P P P P P P  . . . . . .  P P  + P P  . 
. P .  P P + P P P  . . . . . .  P P + P P  . 
. P . P P P  + P P  . P P - P P  . 
. P . P P P  + P P  . . . . . .  P P - P P  . 
. P . P P P P P P  . . . . . .  P P  + P P . 
. P . P P P P P P  . . . . . .  P P - P  P . 
. P . P P P  + P P  . . . . . .  P P - P  + . 
. P . P P  + -  P P  . . . . . .  P P  + P  + . 
. P . P P +  + P P  . . . .  P P  + P P  . 
. P . P P - - P P  . . . . . .  P P -  P -  . 
. P . P P P - P P  . . . . . .  P P P P P  . 
. P . P P - -  P P  . . . . . .  P P P P -  . 
+ + . - P P I  
p + . - P P .  
P P . - P P .  
p - . + p - .  
+ P . - P P .  
+ P I P P P ,  
P P . - P P .  
P + . - P P .  
+ + . + P P .  
P P . + P P .  
P + . - P P .  
P P . - P P .  
p - . - p p .  
P - . + P P .  
p - . + P P .  
P - . + P P .  
p - . - P p .  
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TABLE V 
Presence of stratigraphicaUy important radiolarians in each sample xamined from core VM29-40. Ages of samples are 
derived from paleomognetic calibrations ofFig. 6. Explanation of symbols in text. 
D 0 0 
~ ' ~ R C ~ 3 ~ C D  O~ . ~  
~ . ~ ~ , ~ ~  ~ 
O ~ O ~ O ~ O ~ O ~ - ~  0 ~ . ~ . ~  
- ~ C O ~ . ~ O ~ O ~ - ~  ~ D ~  
D 
D ' ~ ' ~ ' ~ ' ~ ' ~ ' ~ ' ~ ' ~ ' ~ ' ~ R ~ D O 0  O ~ N ~  ~ 3 D  
~ ~ ~ ~ . ~ , ~ ~  ~ D ~ . ~ . ~  
R ' ~ ' ~ ' ~ ' ~ ' ~ ' ~ - ~ - ~ ' ~ - ~ ~ O O ~ ~ O ~ ~  
" ~ O 0 0 0 0 0 0 0 0 0 . ~ O 0 ~ ~ C O 0 0 0 ~ ~ O 0 0  
~ ~ ~ ~ O ~ ~ ~ ~ C O ~ O 0 0  
~ ~ ~ 0 ~ 0 0 0 ~ ~ 0 0 0 0 ~ ~  

























2 . 2 2  P - . . P P P . . P . - - . P P . - . P . . P P P - 
2 . 3 0  P . . . .  P P P . . P . - . . . .  P p . . . . .  p . . p p p . 
2.38  P . . P P P p . . . . . .  - . . . .  p p . . . . .  p . . p p . 
2 .46  P . . P P P p . . P . . P . . . .  p p . . . . .  p . - p p . 
2 .54  P . . P + P . . + . - . . . .  P p . . . . .  p . - p - - 
2 .62  P . . P P P P . . . . . . . . . . .  P . . . . . .  p . - . 
2 .70  P . . P P P P . . P . . . . . . . .  P p . . . . .  p . p . - 
2 .78  P . - . P P P P . . P . . . . . . . .  P p . . . . .  P . P + . ? . 
2 .86  P . - . P P P P . . . . . . . .  - . . P P . . . . .  P . P P . - . 
2 .93  P . ? . P P P P . . P . . . . .  P . . P - . . . . .  P . P P . P ? 
3 .00  P . ? . P P P P . . P . . . . .  + . . P P . . . . .  P . P - . P . 
3 .08  P . ? . P P P P . - . . . . .  ? . . P - . . . . .  P . P - . P . 
3 .16  P . P . P P P P . . P . . . . .  + . - P P . . . . .  P . P - . P . 
3 .23  P . P . P P P P - . . . . . . .  + - + P P . . . . .  P . P - . P . 
3 .30  P . P . P P P P - . . . . . . .  P - P P - . . . . .  P . P P . P . 
3 .37  P . P . P P P P P . . . . . . .  - - P P P . . . . .  P . P - . P . 
3 .44  P . P . P P P P P . . . . . . .  + - - . P . . ~ . . P . P P . + . 
3 .51  - . P . P P P P P . . . . . . .  P - - + - . . . . .  P . P P . P + 
3 .58  P . P . P P P P P . . . . . . .  P P - P . . . . .  - P . P P . + . 
3 .66  P . P . P P P P + . P . . . . .  P P - - . . . . . .  P . P P . + . 
3 .74  P . P . P P P . P . . . . . . .  P P P P . . . .  - - P - P P . P . 
3 .82  P . P - P P P P P + P . . . . .  P P P P . . . .  - P - . P P . - . 
3 .91  - . P . P P P P P P P . . . . .  P P P - - . . + P + P P - . ? . 
4 .00  - . P . P P P P P P P . . . . .  P P + P P . P P . - . 
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TABLE VI 
Listing of sub-bottom depths and estimated ages of radiolarian events in each of the four "type-section" cores from the 
Indian Ocean. Ages of events in these cores are shown to two decimal places, due to the relatively high stratigraphic precision 
obtained via isotopic and/or paleomagnetic calibrations (Figs. 2 through 6). Right-hand columns list the estimated ages of 
these events in DSDP Sites from the equatorial Indian and Pacific Ocean (Johnson and Nigrini, 1985), in order to assess 
the relative synchroneity of each event (see Table VII). 
I INDIAN ~EAN 
........................ : ........................ I ........................ ~ ........................ :' 
: MO 81-369 ] RC14-22 t VN34-53 : VM29-40 
EVENT ] . . . . . . . . . . . . . . . . . . . . . . . .  } . . . . . . . . . . . . . . . . . . . . . . . .  : . . . . . . . . . . . . . . . . . . . . . . . .  [ . . . . . . . . . . . . . . . . . . . . . . . .  I 










































































































































































TABLE V I  (continued) 
59 
: PACIFIC OCEAN : 
. . . . . . . . . . . . . . . . . . . . . . .  ~ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  J -  
DGDP SITE 214 : DSDP SITE 596/596A/596D 
. . . . . . . . . . . . . . . . . . . . . . .  ~ . . . . . . . . . . . . . . . . . . . . . . . . .  
DEPTH (cat I AGE lea) : DEPTH (ca) : AGE (Nil 
. . . . . . . . . . .  : . . . . . . . . . . .  : . . . . . . . . . . . . .  I . . . . . . . . . . .  
] 
] 
: B 2270 1.0 
3090 1.4 
: 930 0,4 
1430 0.6 
950 I 0.7 1430 0.6 
1260 ~ 1.0 1880 0.8 
950 ~ O, 7 absent 
1260 ~ 1.0 
1110 ~ 0.9 B 2270 1.0 
1260 I 1.0 3080 1,4 
too rare I 2230 1.0 
: 2380 1. I 
too rare ~ 8 2570 1.1 
: 3090 1.4 
1710 : 1.4 8 3530 1,5 
2270 : 2,0 3680 1.6 
1890 ~ 1.6 9 3660 1.6 
1970 ~ 1.7 3~0 1.7 
1970 ~ 1.7 B 4490 1.9 
2120 ~ 1.8 4640 2,0 
1710 : 1.4 1890 0.8 
2270 ~ 2.0 2380 I.  1 
1970 ~ 1.7 absent 
2120 ~ 1.8 
$220 ~ 2.5 D 5600 2.4 
3760 l 2.9 5750 2.5 
DSUP SITE 573 
. . . . . . . . . . . . . . . . . . . . . . . .  I 




1590 1. I 

















































































































































































































































3.3 A 7160 
3.4 7310 
3.3 A 8270 
3,4 8420 
3.4 A 8780 
3.5 8930 
3,6 A 8780 
3.7 8930 
3.2 A 8570 
3.3 8780 




3,8 A 12920 
3.9 13070 
3.8 B 11100 
3.9 11250 
4,2 A 13580 
4.3 13730 












































































Listing of time-transgressive Pliocene-Pleistocene radiolarian events in the tropical Indian/Pacific Oceans. Events are 
considered time-transgressive if the difference in their estimated ages exceeds 0.4 m.y. between the Indian and Pacific (see 
Table VI). Other events may also be time-transgressive, but by amounts less than 0.4 m.y. 
Event Estimated age (Ma) 
A. Last occurrences 
Tm Anthocyrtidium nosicaae 
Tm Anthocyrtidium michelinae 
Tm Theocorythium vetulum 
Tm A nthocyrtidium ehrenbergi 
Tm A nthocyrtidium pliocenica 
Tm Spongaster pentas 
Tm Spongaster berminghami 
B. First occurences 
Bm Pterocorys zancleus 
Bm Lamprocyrtis neoheteroporos 
Bm Theocorythium trachelium 
Bm Spongaster pentas 





























Appendix: Taxonomic concepts of strati- 
graphically important radiolarians 
In this section we list the complete taxono- 
mic name of each radiolarian species included 
in this study. We also indicate a recent refer- 
ence containing species descriptions and pho- 
tographs of representative specimens. 
Acrosphaera spinosa (Haeckel) hamospina Caulet, 1986a, 
p. 848, pl. 1, figs. 2,3. 
Amphirhopalum ypsilon Haeckel, 1887, p. 522; Nigrini, 
1967, p. 35, pl. 3, figs. 3a-d; Nigrini, 1971, p. 447, pl. 
34.1, figs. 7a-c. 
Anthocyrtidium angulare Nigrini, 1971, p. 445, pl. 34.1, figs. 
3a,b; Nigrini and Caulet, 1988, p. 343, pl. 1, figs. 1, 2. 
Anthocyrtidium ehrenbergi (StShr). Anthocyrtis ehren- 
bergi n Stohr, 1880, p. 100, pl. 3, figs. 21a,b and in Ni- 
grini and Caulet, 1988, p. 345, pl. 1, figs. 3, 4. 
Anthocyrtidium euryclathrum Nigrini and Caulet, in press. 
Anthocyrtidiumjenghisi Streeter, 1988, p. 63, pl. 1, figs. 1- 
4.; Nigrini and Caulet, 1988, p. 345, pl. 1, figs. 3, 4. 
Anthocyrtidium michelinae Caulet, 1979, p. 132, pl. 2, figs. 
8, 9; Nigrini and Caulet, 1988, p. 349, pl. 1, figs. 5-7. 
Anthocyrtidium nosicaae Caulet, 1979, p. 132, pl. 2, fig. 6; 
Nigrini and Caulet, 1988, p. 351, pl. 1, figs. 15-17. 
Anthocyrtidium ophirense (Ehrenberg), Ehrenberg, 1872a, 
p. 301, 1872b, p. 285, pl. 9, fig. 14; Nigrini, 1967, p. 56, 
pl. 6, fig. 3; Nigrini and Caulet, 1988, p. 352, pl. 2, figs. 
1-4. 
Anthocyrtidium pliocenica (Seguenza). Anthocyrtis eh- 
renbergi Stohr var. pliocenica Seguenza, in Stohr, 1880, 
p. 232; Nigrini and Caulet, 1988, p. 355, pl. 2, figs. 5, 6. 
Anthocyrtidiumprolatum Nigrini and Caulet, 1988, p. 355, 
pl. 2, figs. 5, 6. 
Anthocyrtidium zanguebaricum (Ehrenberg). Anthocyr- 
tis zanguebarica in Ehrenberg, 1872a, p. 301, 1872b, pl. 
9, fig. 12; Nigrini, 1967, p. 58, pl. 6, fig. 4; Nigrini and 
Caulet, 1988, p. 355, pl. 2, fig. 11. 
Buccinosphaera invaginata Haeckel, 1887, p. 99, pl. 5, fig. 
11; Nigrini, 1971, p. 445, pl. 34.1, fig. 2. 
CoUosphaera orthoconus (Haeckel), 1887, p. 221, pl. 12, 
fig. 2; CoUosphaera sp. A in Knoll and Johnson, 1975, 
p. 63, pl 1, figs. 1, 2, 7; pl. 2, figs. 4-6; Collosphaera or- 
thoconus in Bjorklund and Goll, 1979, p. 1317. 
CoUosphaera tubercosa Haeckel, 1887, p. 97; Nigrini, 1971, 
p. 445, pl. 34.1, fig. 1. 
Lamprocyrtis neoheteroporos Kling, 1973, p. 639, pl. 5, figs. 
17, 18, pl. 15, figs. 4, 5. 
Lamprocyrtis nigriniae (Caulet), Conarachnium nigri- 
niae in Caulet, 1971, p. 3, pl. 3, figs. 1-4, Lamprocyrtis 
nigriniae (Caulet) in Kling, 1977, p. 217, pl. 1, fig. 17. 
Lychnodictyum audax Riedel, 1953, p. 810, pl. 85, fig. 9. 
Phormostichoartus doliolum (Riedel and Sanfflippo), Ar- 
tostrobium doliolurn in Riedel and Sanfilippo, 1971, p. 
1599, pl. 1H, figs. 1-3, pl. 8, figs. 14, 15; Phormosti- 
choartus doliolum (Riedel and Sanfilippo) in Nigrini, 
1977, p. 252, pl. 1, fig. 14. 
Phormostichoartus fi tula Nigrini, 1977, p. 253, pl. 1, figs. 
11-13. 
Pterocaniurn prisrnatium Riedel, 1957, p. 87, pl. 3, figs. 4, 
5; emend. Riedel and Sanfilippo, 1970, p. 529. 
Pterocorys campanula Haeckel, 1887, p. 1316, pl. 71, fig. 3; 
Caulet and Nigrini, 1988, p. 226, pl. 1, figs. 2-5. 
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